mAtErIAls And mEthods test materials and Experimental design
The experiment was conducted at Yangzhou University research farm, Jiangsu Province, China (32° 30´ N, 119 o 25´ E), during 2013 and 2014. Monthly average temperature and precipitation during the cotton growing season (June to October) across the 2 yr measured by the local weather station are shown in Fig. 1 . The cultivars investigated were brown cotton 'Xiangcaimian 2' (XM2), green cotton 'Wanmina 39' (WM39), and white cotton 'Sumian 9' (SM9) as a control. All three cultivars are developed at research institutions near the Yangtze River region and are similar maturity (120-130 d) and agronomic characteristics. All are currently grown on a large-scale in the middle and lower reaches of the Yangtze River. Cotton seeds were planted on April fifth in a warm room (25-35°C) in the field and covered with plastic film. Seedlings were field transplanted on May 16th across the 2 yr at a row spacing of 0.75 m and plant distance of 0.36 m. The size of each experimental plot was 43.2 m 2 (4.5m × 9.6m). The experimental design was a randomized complete block with three replications. The field's soil type was a sandy loam soil [Typical fluvaquents, Entisols (U.S. taxonomy)], which contained 24.5 g kg -1 of organic matter, 108 mg kg -1 available N, 40.5 mg kgˉ1 available P, and 82.0 mg kg -1 available K. Across the 2 yr, the three cultivars initially began flowering between July 6 and July 8, and the bolls opened after August 27th. Cultivation practices, including, irrigation, and application of fertilizers and insecticides, were conducted following commonly recommended local practices.
In a 2013 field experiment, cultivars were arranged in a randomized complete block design with three replications for evaluation of cellulose accumulation. To collect samples of cotton fiber at different developmental stages, white flowers at the first and second fruiting position, beginning the fifth through sixth fruiting branch (mainstem node 10-11) were tagged and dated from July 20 to August 10. To analyze dynamics of cellulose accumulation in fiber, five bolls derived from tagged flowers, were harvested at 10, 20, 30, 40, and 50 d post anthesis (DPA), then dried at 100°C for 30 min to obtain to a constant weight at 50°C. Fibers were separated manually from each ovule (developing boll) for cellulose content analysis.
The experiment was repeated in 2014, and subtending leaves were also collected for enzyme analysis. For analysis of enzyme activities, tagged bolls and their subtending leaves were harvested at 10, 20, 30, 40, and 50 DPA. Ten bolls from each plot were collected at each stage (DPA interval) and transferred to the laboratory on ice. Five of the bolls were dried similar to the 2013 trial. The remaining five bolls were immediately separated into the boll walls, fiber, and seed fractions. The boll walls were cleaned with distilled water and dried with paper towels. Half of each sample was dried at 110°C for 30 min, and then dried to constant weight at 50°C; the rest were frozen in liquid nitrogen and stored at -80°C. Dried tissues from both years were used for soluble sugar and cellulose content assays. The frozen tissues from the second years were used in assays to determine activity assays of the enzymes ATPase, sucrose invertase, SS, and UDPG PPase.
sampling and measurement
Assay of the cellulose contents. The dried fibers (0.5 g) were ground into fine powder and used for the extraction of cellulose according to Updegraff (1969) . Then Richards' equation was used to simulate the cellulose accumulation according to Cortis and Montaldo (2013) and Zhu et al. (1988) .
In the equation, W indicates fiber cellulose accumulation (g g -1 ); A indicates maximum cellulose accumulation in fiber (g g -1 ); k indicates cumulative rate parameter; t indicates DPA (d); b and m, indicates form parameter. With the derivative of the Richards' equation, V max (maximum cumulative rate) and T max (datum reaching maximum cumulative rate) will be estimated.
Sucrose invertase activity. The SIA was determined according to Daphne and Arthur (1991) . The subtending leaf (0.5 g) were homogenized in a Kinematica homogenizer in 3 mL of extraction buffer containing 50 mmol L -1 HepesNaOH (pH 7.5), 0.5 mmol L -1 Na-EDTA, 2.5 mmol L -1 DL-Dithiothreitol, 3 mmol L -1 diethyldithiocarbamic acid, 0.5% (w/v) bovine serum albumin, and 1% (w/v) insoluble polyvinyl pyrrolidone. After centrifugation at 18,000 × g for 30 min, supernatants were dialyzed for about 16 h against 25 mmol L -1 Hepes-NaOH (pH 7.5) and 0.25 mmol L -1 Na-EDTA and used as the crude soluble enzyme extract. The insoluble pellet was homogenized twice in 10 mL of the extraction buffer and, it was suspended in 3 mL of 50 mmol L -1 Hepes-NaOH (pH 7.5) and 0.5 mmol L -1 Na-EDTA after centrifugation. To solubilize the 'insoluble' invertase, NaCl (0.2-1.0 mol L -1 final concentration) was added to the initial extraction buffer.
The invertase activity was assayed in 0.6 mL of 0.1 mol L -1 K 2 HPO 4 , 0.1 mol L -1 citrate buffer (pH = 5), 0.2 mL 0.1 mol L -1 sucrose, and 0.2 mL of enzyme extract. Incubation was performed at 37°C for 30 min. To terminate the reaction, 40μL of 1 mol L-1 tris(hydroxymethyl)-aminomethane (Tris)-HCl (pH 10.0) were added to each sample before heating at 100°C for 10 min. The amount of reducing sugars were measured using 3,5-dinitrosalicylic acid. The enzyme invertase was added after the 30-min incubation for blank control. Reaction mixtures with insoluble enzyme suspensions were centrifuged before spectrophotometric reading at A 480 nm.
Sucrose synthase (SS) assay. Fibers were separated from developing ovules and about 0.5 g was used to measure the SS activity (King et al., 1997) .
Uridine diphosphate glucose pyrophosphorylase (UDPG-PPase) assay. Protein extraction was performed as previously described (Ciereszko et al., 2001) . Fibers (0.5 g) were ground to powder with liquid nitrogen and homogenized in extraction buffer (2.5 mL). The homogenate solution was centrifuged for 15 min at 20,000 × g at 4°C, and the supernatant was used to assay UGPase activity (Sowokinos et al., 1993) .
Assays of ATPase activity and the soluble sugar content. The ATPase activity and the soluble sugar content were determined according to Xue (1999) . Except as otherwise noted, chemicals were all supplied by Sinopharm Group Co., Ltd., China. Leaf SPAD chlorophyll meter reading assays. The SCMR was determined through nondestructive sampling, using a SPAD-502 leaf chlorophyll meter [Konica Minolta (China) Investment Ltd., China] and provided an estimate of subtending leaf chlorophyll content.
data Analysis and Plotting
The data of each variable were subjected to analysis of variance (ANOVA) using the SPSS system (V11.5). In the analysis, cultivar and treatment were considered as fixed effects, while replicates were considered as random factors. The least significant difference (LSD) test was used to separate treatments' means at the 5% probability level.
rEsults dynamics of cellulose content in the Fiber
During secondary cell wall deposition, the rate of accumulation of cellulose in fiber affected fiber fineness, fiber strength, and fiber maturation (Guo and Xu, 1993) . The cellulose content in both Wanmian 39 and Xiangcaimian 2 was less than white cotton at all growth stages after 10 DPA (Table 1 ). In 2013, the cellulose content in Wanmian 39 and Xiangcaimian 2 was 28.1 and 18.7% less than in white cotton at 50 DPA, respectively. In 2014, the contents for green and brown cotton were decreased by 30.0 and 18.4%, respectively.
Richards' equation was used to simulate the dynamics of fiber cellulose development for the different cultivars. Parameters are listed in Table 2 . We found that the dynamics of cellulose accumulation in the three cultivars followed an "S" pattern, which could be simulated by Richards' equation with a fitting coefficient (R 2 ) above 0.999 in 2013 and 2014. The maximum accumulation (A), cumulative rate parameter (k), and V max for the naturally colored cotton were both lower than for white cotton in both years. Additionally, V max for green cotton was lower than for brown cotton.
dynamics of scmr in the subtending leaf
The dynamics of SCMR in the subtending leaf for naturally colored cotton and white cotton are illustrated in Fig. 2 . From 10 to 40 DPA, the SCRM for white cotton were always the highest, followed by brown cotton, and green cotton was the lowest. Furthermore, the degree of reduction for SCMR during the growing season for white cotton was less than colored cotton.
dynamics of soluble sugar content in the subtending leaf and the boll Wall
Similar patterns of soluble sugar content dynamics in the subtending leaf were observed in the three cultivars (Fig. 3) . Soluble sugar content increased from 10 to 30 DPA and then decreased from 30 to 40 DPA. However, in contrast to white cotton, soluble sugar content in colored cotton was significantly lower at all stages. The green cotton sugar content was lower than that for brown cotton, but a significant difference was only observed between 10 and 20 DPA.
The boll wall of a boll is not only the sugar sink tissue for the leaf, but also the nutrient source tissue for the seed and the fiber. The dynamics of the soluble sugar content in boll walls are illustrated in Fig. 4 . The content increased rapidly from 10 to 30 DPA, and then decreased rapidly at the later stage. However, in contrast to white cotton, the soluble sugar content in colored cotton was significantly lower at all stages. The soluble sugar content in boll walls of green cotton was consistently lower than those in brown cotton.
dynamics of sIA in the subtending leaf
The dynamics of sucrose invertase in green, brown, and white cotton are illustrated in Table 3 . Significantly lower activity was found at 10 DPA, 20 DPA, and 40 DPA in colored cotton. Compared with the control, at 10 DPA, sucrose invertase activity for Wanmian 39 and Xiangcaimian 2 were 15.5 and 61.3% lower, respectively.
dynamics of the dry Weight of cotton bolls
Similar patterns in the dynamics of the dry weight of cotton bolls were observed in colored and white cotton. Cotton boll dry weight increased rapidly between 10 and 30 DPA, and then decreased from 30 to 50 DPA (Table 4) . However, when compared with the control, the boll dry weight for white cotton was higher than for brown and green cotton at all stages. Significant differences were observed at 20, 40, and 50 DPA.
AtPase Activity in the boll Wall and Fiber
The activities of ATPase in the boll wall and the fiber were at their maximums at 10 DPA in colored and white cotton and then decreased at 20 DPA (Table 5) . However, the ATPase activities in the boll wall and fiber for white cotton were the highest, followed by ATPase activity in brown cotton, and the activities in green cotton were the lowest. Significant differences among the three cultivars were found at 10 and 20 DPA.
dynamics of the udPg-PPase Activity in Fiber
The enzyme UDPG-PPase is critical in the synthesis of glycogen; it catalyzes the formation of UDPG from glucose-1-phosphate and uridine 5'-triphosphate (Haigler et al., 2001) . At 30 DPA and 40 DPA, the activity of UDPG-PPase in the fiber of Sumian 9 (white cotton) was significantly higher than Wanmian 39 (green cotton) and Xiangcaimian 2 (brown cotton). Compared to green cotton, brown cotton had a higher UDPG PPase activity in the fiber, and a significant difference was only observed at 40 DPA (Table 6) .
In previous research, we studied the differences in fiber quality for the three cultivars (Zhang et al., 2017a) . The correlation analysis showed that the UDPG-PPase activity at 40 DPA had significant positive relationship with fiber maturation (r = 0.914*) and fiber strength (r = 0.935*). This suggested that UDPG-PPase could significantly improve fiber maturation and fiber strength.
the dynamics of ss Activity
After sucrose is transported to the fibers, SS degrades it into UDPG and fructose, which can be used to synthesize cellulose. The SS activity reflects the capacity to degrade sucrose. Similar patterns of the dynamics of SS activity were observed in colored and white cotton ( Table 7) . Activity of SS increased from 10 DPA to 30 DPA, and then decreased at the last stage. Compared to white cotton, colored cotton had higher significant SS activities at 10 DPA and 20 DPA. However, at 40 DPA, the SS activity for white cotton was significantly higher than green and brown cotton (18.26 mg g -1 FW h -1 and 5.31 mg g -1 FW h -1 , respectively).
The correlation analysis showed that the SS activity at 40 DPA had a significant positive relationship with fiber maturation (r = 0.884*) and fiber strength (r = 0.895*). dIscussIon Naturally colored cotton originated millenniums ago. Because fewer chemicals are used for dyeing and processing, colored cotton is considered environmentally friendly. However, because of the inferior fiber quality, i.e., fiber strength, fiber maturation, as well as lint yield, hectarage of colored cotton has been limited. In our present work, in 2013 the lint yields for WM39, XM2, and SM9 were 221, 530, and 1190 kg per hectare, respectively. The 2014 yields were similar in 2013. The inferior fiber quality is also an important limiting factor in commercial production. Previous studies showed that fiber quality is mainly affected by the cellulose content in fibers. The development of cotton fiber is a process of cellulose synthesis and cellulose accumulation. Research has indicated that a higher cellulose content in fiber cells provides for better cotton fiber quality (Pan et al., 2010; Zhang et al., 2017c) . Our present work demonstrated that the contents of cellulose in brown and green cotton were both lower than in white cotton, and this may be the reason why fiber quality of colored cotton is inferior to white cotton (Table 1) . In past decades, research has shown that cellulose content can represent the development of fiber cell wall, which determines important fiber quality factors such as fiber length, strength and fineness. Thus, the cellulose content also can provide an indication of fiber quality (Dutt et al., 2004; Fan et al., 2013) . This is also supported by the research of Yuan et al. (2012) and Zhang et al. (2017c) who reported that cellulose accumulation in colored cotton fiber increased in an S-shaped curve, which was not asymmetric. It was assumed that during fiber development in colored cotton, the biosynthesis of pigment (which does not occur in white cotton fiber) affects the accumulation of cellulose. Therefore, we thought it would be inaccurate to simulate the dynamics of cellulose accumulation in colored cotton fiber with the logistic model used in previous studies (Liu et al., 2000) . Previous research has shown that different types of growth curves were stimulated with the Richards' equation. (Zhang et al., 2003; Zheng et al., 2004) In this present work, Richards' equation was used to simulate the curve of cellulose accumulation in colored cotton. The fitting coefficient of Richards' model was very high (r > 0.999, Table 2 ). Thus, Richards' model also could be used to simulate the cellulose accumulation in colored cotton fiber. Further analysis showed that the parameters of Richard's equation illustrated the reason why cellulose accumulation in the fiber of colored cotton was lower. The maximum cumulative rate and accumulation rate were lower than those for white cotton. We also found that the data for the maximum cumulative rates for brown and green cotton were earlier than for white cotton. Thus, if the quality of White 2.62 a 5.17 a 5.99 a 6.58 a 6.22 a † Values followed by different letters in a column are significantly different at the 0.05 probability level. Table 5 . Dynamics of activity of ATPase (μmol g -1 FW h -1 ) in different cotton cultivars (2014). White 25.6 a 15.6 a 25.7 a 12.5 a † Values followed by a different small letter are significantly different at 0.05 probability level. FW indicates fresh weight. naturally colored cotton fiber is to be improved, the cellulose cumulative rates for the fiber must be increased and the cumulative periods prolonged.
Mature cotton fiber is composed of more than 89% cellulose, which is the key component controlling fiber quality Haigler et al., 2005) . Some researchers have studied the physiological and biochemical differences between naturally colored and white cotton (Zhan et al., 2006; Yuan et al., 2012) . However, they primarily focused on the differences in the fiber (Zhang et al., 2017c) . It is commonly known that the subtending leaf produces carbohydrates, which supply the energy and molecular basis for the synthesis of cellulose in the fiber. Carbohydrates are mainly transferred in order: first, into the boll wall, then to the seed, and finally to the fiber. Each step of the pathway might affect the accumulation of cellulose in the fiber. The development of the fiber is directly related to the accumulation and transportation of carbohydrates in the leaf and the boll wall. Previous studies have shown that the conversion of soluble sugar was the substantial basis for cotton yield and cotton fiber quality. Soluble sugar accumulates in the boll wall, and then it is transported into the seed and the fiber. Xu et al. (1994) revealed that the soluble sugar content in the boll wall reflects the state of organic nutrients that are transported into the bolls, which affects boll development. An increased soluble sugar content in the subtending leaf could improve boll weight (Sun et al., 2004; Desouza and Dasilva, 1992) . Carbon partition in the boll played an important role in fiber quality, especially in colored cotton (Zhang et al., 2017b) . In the present study, soluble sugar content in the boll wall and the subtending leaf for naturally brown or green cotton were both lower than for white cotton (Fig. 3 and Fig. 4) . Further analysis showed when compared to white cotton, chlorophyll concentrations (estimated by SCMR) for colored cotton were lower and the concentration degradation rate from 10 to 40 DPA were relatively faster. Lower chlorophyll concentrations and faster degradation rates in colored cotton might result in insufficient photosynthesis during boll development (Fig. 2) . These might also be the reasons for the lower dry weight of each boll (boll wall + seed + fiber) (Table 4 ) and the inferior fiber quality of colored cotton when compared to white cotton.
The activity of sucrose invertase is a measure of the ability to convert, utilize, and assimilate products in plants. An increased SIA promotes the export of carbohydrates from the subtending leaf (Chen et al., 2000; Goldschmidt and Huber, 1992) . The ATPase activity reflects the ability of sink tissues to offload the sucrose (Smart et al., 1998) . When carbohydrates are transferred into the fiber in the form of the sucrose, ATPase plays an important role in transporting them (Elmore and Coaker, 2011) . Sucrose is then degraded into UDPG, which will be used to synthesize cellulose. During this process, SS is the key enzyme that regulates cellulose synthesis, affecting the cumulative rate and the amount of cellulose produced Fujii et al., 2010) . Wang et al. (2009) thought that the SS activity contributes to the synthetic strength of cellulose in the fiber. We observed the reduced ability of colored cotton to transfer, utilize, and offload carbohydrates in all stages (Tables 3, 5 , and 6). However, in the earlier stages (10, 20 DPA) of boll development, SS activities for green and brown cotton were significantly higher than white cotton (Table 7) . It seems illogical that the green and brown cottons had less cellulose content despite having a high SS activity, but the reason might be that at 0-20 DPA, the fiber is in a rapid elongation period. During that period, energy and carbohydrates are only utilized to synthesize cellulose in small amounts in white cotton fiber, while in colored cotton the cellulose and the pigment are synthesized at the same time. Thus, colored cotton has greater sink requirements for more energy and carbohydrates than white cotton; hence, SS activity for colored cotton was higher. However, after about 30 DPA, the fiber is in a secondary cell wall thickening stage, in which a large amount of cellulose accumulates in the fiber. At this stage, the SS activity for colored cotton increased slowly, especially at 40 DPA the activity was lower than white cotton, leading to lower soluble sugar contents, cellulose contents, and transformation rates in colored cotton. This is the reason why the SS activity at 40 DPA had significant positive relations with fiber maturation (r = 0.884*) and fiber strength (r = 0.895*). UDPG-PPase catalyzes the synthesis of UDP-Glc from Glc 1-P and UTP (Haigler et al., 2001) . It was suggested that this enzyme may provide UDP-Glc for cellulose synthesis since the activity of UDPG-PPase was at its maximum at the same time when cellulose had its maximum deposition rate and because of the low activity detected for SS. In conclusion, if we could increase the ability of colored cotton to synthesize carbohydrates in the subtending leaf and to transfer and utilize carbohydrates in the bolls, fiber quality for colored cotton might be improved. Results will be valuable to breeders working to improve the fiber quality of colored cotton for higher ability of carbohydrates synthesis, transportation, and utilization.
conclusIon
The dynamics of cellulose accumulation in colored cotton fiber followed an S-shaped curve. Richards' equation was used to simulate the curve (R 2 > 0.999). The maximum cumulative rate and accumulation rate for cellulose in colored cotton were lower than those for white cotton. Chlorophyll concentrations (estimated by SCMR) for colored cotton were lower, compared to white cotton, and the degradation rate of chlorophyll was relatively faster. This resulted in lower contents of soluble sugar in the boll wall and the subtending leaf. In the boll wall and the fiber, colored cotton had lower ATPase, sucrose invertase, and UDPG PPase activities. However, during 10 to 20 DPA, colored cotton had a higher SS activity, while at 40 DPA, the SS activity for colored cotton was lower than white cotton.
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